The possible hemispheric specialization of the basal ganglia during emotional prosody (i.e., vocal emotion) processing has still to be elucidated. Coupled with affective measures and neuroimaging, Parkinson's disease offers a unique opportunity to study this question, on account of its characteristically asymmetric striatal dysfunction, which translates into predominantly contralateral motor symptoms. We investigated the cerebral metabolic bases of emotional prosody recognition in patients with Parkinson's disease with left-versus rightlateralized motor symptoms, postulating that patients with greater right hemispheric brain dysfunction have a specific impairment that correlates with the metabolic modification of a brain network known to be involved in emotional prosody. A total of 38 patients performed a validated emotional prosody recognition task and underwent a resting-state F-18 fluorodeoxyglucose PET scan, as well as clinical, motor, neuropsychological, and psychiatric assessments. Patients' performances were compared with those of 45 healthy controls. As expected, vocal emotion recognition was significantly poorer among patients with left-sided motor symptoms than among both right-sided patients and controls. There was no significant difference between right-sided patients and controls. This effect was observed for both the total score and the happiness subscore. Interestingly, regressions showed that the greater the emotional misattribution, the greater the patients' age and asymmetric motor symptom severity. Finally, at the metabolic level, positive correlations were found between the happiness recognition subscore and the metabolism of the right orbitofrontal cortex in patients with left-sided motor symptoms. A right orbitofrontal-basal ganglia coupling seems to be specifically involved in the vocal emotion recognition deficit observed in Parkinson's disease. The asymmetry of motor symptoms is thus an important clinical factor, in that it may influence the presence or severity of affective disorders in Parkinson's disease.
Introduction
Models describing the neural network that subtends the decoding of vocal emotion (i.e., emotional prosody) are still a matter of debate, especially regarding the functional role of the basal ganglia. A speculative model has recently been proposed (Péron et al., 2013) whereby the basal ganglia act as a marker for the transiently connected neural network (i.e., amygdala, auditory cortices, inferior frontal gyri and orbitofrontal cortices) that subserves emotional prosody processing. If the co-activation of different neuronal populations is recurrent or functionally important, the basal ganglia-mediated synchronization presumably increases the weight of the synaptic connections within the cortical or subcortical neural network. Although the authors discussed this functioning in relation to emotional prosody, the model predicts that this property also holds for other components of emotions, as well as for motor and cognitive processes. A basal ganglia dysfunction would presumably create a noisy signal, desynchronizing the transiently connected systems needed for the process to take place at Time T. At the behavioral level, this would translate into a disturbance in, say, the decoding of affective cues. Some of the model's predictions have already been demonstrated (Peron et al., 2015 (Peron et al., , 2016 Péron et al., 2017) . However, the model does not deal with the possible hemispheric specialization of the basal ganglia within this process, and empirical evidence is contradictory, notably in the domain of vocal emotion decoding.
Hemispheric specialization of the basal ganglia during vocal emotion decoding: evidence from lesion and neuroimaging studies
Whereas one lesion meta-analysis reported that basal ganglia damage impairs emotion recognition irrespective of the side of the lesion (Witteman et al., 2011) , consistent with a functional magnetic resonance imaging (fMRI) study (Kotz et al., 2003) , another meta-analysis reported activation likelihood estimation (ALE) clusters in the right but not left putamen and medial globus pallidus, when emotional prosodic stimuli were contrasted with neutral stimuli (Witteman et al., 2012) . Conversely, an fMRI study in healthy participants reported that the left subthalamic nucleus exhibited activity during the implicit processing of emotional (angry voices) stimuli and that it was functionally connected to right-lateralized cortical structures (i.e., right orbitofrontal cortex, inferior frontal gyrus, and auditory cortex) and left-lateralized subcortical structures (i.e., pallidum and amygdala) (Peron et al., 2016) . Paulmann, Ott, and Kotz (2011) also reported results supporting the involvement of the left basal ganglia in emotional prosody processing. In their study, they explored the performances of patients with lesions in the left basal ganglia, dissociating the early stage of vocal emotion decoding (i.e., emotional salience detection) from the late one (i.e., cognitive evaluative emotional judgments), using electroencephalography (EEG) coupled with behavioral measures. The authors reported that the performances of patients with left basal ganglia lesions were impaired on the behavioral recognition task for both early and late emotional prosody processes. However, P200 amplitude, which is thought to characterize the early stage of emotional prosody processing Paulmann et al., 2011) , did not differ significantly between patients and healthy controls (HC). The authors therefore concluded that the left basal ganglia are involved in the late (but not the early) emotional prosody processing stage.
In addition to these neuroimaging and lesion studies, Parkinson's disease can be seen as a useful model for studying the question of basal ganglia hemispheric specialization in emotional prosody processes for two main reasons. First, although this disease involves multiple neuronal systems (Braak et al., 2003) , it begins with one side being predominantly affected by nigrostriatal dopamine depletion, inducing contralateral motor symptoms. This substantial asymmetry of clinical symptoms occurs from disease onset and can persist throughout the span of disease progression, sometimes for 20-30 years (Barrett et al., 2011; Djaldetti et al., 2006) . Second, a large body of evidence points to the impairment of affective processes in Parkinson's disease across all the components (motor, arousal, subjective feeling, action tendencies and cognitive processes) and modalities (facial, vocal, gestures, etc.) of emotion (for reviews, see Argaud et al., 2018; Enrici et al., 2015; Narme et al., 2013; Péron et al., 2012 ). Parkinson's disease therefore offers an opportunity to study the influence of the basal ganglia pathways on emotional prosody processing and their potential hemispheric specialization in these processes (for a review, see Gray and Tickle-Degnen, 2010 ). However, surprisingly few studies have investigated this issue.
1.2. Hemispheric specialization of the basal ganglia during vocal emotion decoding: evidence from Parkinson's disease Ariatti et al. (2008) reported results in favor of the bilateral involvement of the basal ganglia in vocal emotion decoding. They found that patients with Parkinson's disease exhibiting predominantly leftsided motor symptoms (LPD; i.e., primarily right-sided nigrostriatal degeneration) and patients exhibiting right-sided motor symptoms (RPD; i.e., primarily left-sided nigrostriatal degeneration) both had poorer scores than HC for the recognition of emotional prosody (RPD were significantly impaired on disgust recognition, while LPD were significantly impaired on happiness recognition).
Four studies in patients with Parkinson's disease have reported results in favor of the specific involvement of the right basal ganglia in vocal emotion decoding. Ventura et al. (2012) reported impaired recognition of emotional voices in patients, but only in the LPD subgroup (compared with both RPD and HC), while there was no significant difference between HC and RPD. This effect was observed specifically for the emotion of sadness, with no effects for happiness, anger or fear. Using EEG, Garrido-Vasquez et al. (2013) also explored the impact of asymmetry on vocal emotion processing in Parkinson's disease, distinguishing between early and late emotion processing, as in Paulmann et al. (2011) . They also experimentally manipulated the attentional focus during the emotional task (explicit vs. implicit), as well as lexicality (pseudospeech vs. lexical). Behavioral data collected during the EEG revealed a significant effect of group, with LPD performances significantly poorer than those of both RPD and HC, but there was no significant interaction effect between group and emotion. At the electrophysiological level, LPD displayed an enhanced P200 response during the explicit processing of lexical anger, especially for right and midline electrodes, compared with HC and RPD. They also displayed an enhanced P200 response during the implicit processing of disgust, especially for posterior (lexical) and right posterior (pseudospeech) electrodes, compared with HC and RPD. Interestingly, this P200 amplitude correlated with asymmetry indices in most of these emotional conditions. The authors therefore suggested that the right basal ganglia are involved in the early processing stage. This suggestion fits nicely with Paulmann et al. (2011) proposal that the left basal ganglia subtend the late stage of emotional prosody processing, although the absence of results for RPD in Garrido-Vasquez et al. (2013) study remains difficult to explain. Moreover, the latter's proposal is not supported by two studies involving intracranial recording in the subthalamic nucleus of patients with Parkinson's disease-a methodology that offers a unique means of addressing this issue, on account of its remarkable temporal and spatial resolution. These two recent intracranial EEG studies among deep brain stimulated patients with Parkinson's disease revealed specific right-lateralized activity in the subthalamic nucleus during vocal emotion processing, with a larger effect for positive emotions in Eitan et al. (2013 ) study, and, unlike Garrido-Vasquez et al. (2013 , in both early and late post-onset in Péron et al. (2017) 's study.
Finally, three studies failed to find any difference between LPD and RPD on an emotional prosody task (Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008) , and no study has reported a specific effect for RPD in the absence of an effect for LPD. To sum up, neuroimaging and lesion studies have reported discrepant results, with the involvement of either bilateral (Kotz et al., 2003; Witteman et al., 2011) , left (Peron et al., 2016) or right (Witteman et al., 2012) basal ganglia in the recognition of emotional prosody. Regarding studies in patients with Parkinson's disease, one found that both LPD and RPD had poorer scores than HC for the recognition of emotional prosody stimuli (Ariatti et al., 2008) , three studies reported negative results (Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008) , four studies reported results in favor of the specific involvement of the right basal ganglia in vocal emotion decoding (Eitan et al., 2013; Garrido-Vasquez et al., 2013; Péron et al., 2017; Ventura et al., 2012) , while none reported results in favor of the specific involvement of the left basal ganglia in this process.
Limitations of previous studies
Several aspects may have contributed to this discrepancy, such as tasks, methodology, and the clinical profile of the patients included. Most of the behavioral studies in patients with Parkinson's disease presented methodological limitations, mainly concerning the design of the tasks (both emotional and control) and the choice of stimuli. First, the number of stimuli presented to patients was critically low (especially in Ariatti et al., 2008; Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008) , and probably not sufficient to obtain the variance needed to guarantee the correct use of the statistical tests chosen by the researchers. Second, the auditory stimuli consisted of sentences with semantic content, which is known to induce bias when studying emotional prosody (Ariatti et al., 2008; Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008; Ventura et al., 2012) . It is preferable to use pseudosentences, in order to avoid a possible confound with the semantic content (Juslin and Scherer, 2005) . Third, the tasks that were used (e.g., discrimination or categorization) are not particularly sensitive to emotional effects, chiefly because they can induce ceiling effects and/or categorization biases (Scherer and Ekman, 2008) . Visual (continuous) analog scales are far more sensitive to emotional effects than categorization or forced-choice tasks (naming of emotional faces and emotional prosody) (Scherer and Ekman, 2008) . Moreover, they enable a discrimination score to be calculated that can be seen as a measure of the noise affecting the interpretation of emotional signals. This measure is of particular importance when studying the functional role of the basal ganglia, according to the recent speculative model developed by Péron et al. (2013) . Fourth, none of the behavioral studies among patients with Parkinson's disease controlled for basic sensory processing in these patients, even though the absence of basic auditory impairment is a prerequisite for investigating the recognition of vocal emotions. Fifth, as frequently reported in studies involving patients with Parkinson's disease, discrepancies in results may be due to the patients' heterogeneous clinical profiles. It was crucial to ensure the homogeneity of the patient groups in terms of disease duration and motor symptom severity, as these variables reflect the relatively homogeneous advancement of the degenerative process in the brain (Braak et al., 2003) . Sixth and last, it is unclear how the distinction between LPD and RPD was established in previous studies (especially in Ariatti et al., 2008; Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008) , and only Garrido-Vasquez et al. (2013) provided statistics comparing the left versus right lateralization of motor symptoms, using an asymmetry index calculated from motor scores.
It is interesting to note that these limitations mainly concern the studies that reported either the bilateral involvement of the basal ganglia during vocal emotion (Ariatti et al., 2008) or null results (Blonder et al., 1989; Buxton et al., 2013; Clark et al., 2008) . The majority of the studies suggesting right hemispheric specialization in emotional prosody processing i) used pseudospeech (Garrido-Vasquez et al., 2013; Péron et al., 2017) or onomatopoeias (Eitan et al., 2013) , ii) administered a sufficient number of trials, and iii) calculated an asymmetry index to ensure two relatively homogeneous subgroups of patients (Garrido-Vasquez et al., 2013) . That being said, none of them assessed basic auditory processes or considered the metabolic consequences of basal ganglia alteration over the whole cortico-subcortical network involved in emotional prosody processing, which is a critical issue, as discussed above and predicted by Péron et al. (2013) model.
Aim of the present study
In this context, the purpose of the present study was twofold. The first aim was to attempt to replicate previous results showing deficits in the recognition of emotional prosody in patients with Parkinson's disease, postulating greater impairment in patients with right brain hemispheric degeneration (LPD). We chose to base our predictions on previous studies that were most comparable (behavioral studies comparing LPD with RPD and HC) and most effectively controlled for the critical aspects described above (Garrido-Vasquez et al., 2013; Ventura et al., 2012) . The second aim was to identify the metabolic bases of emotional prosody processing lateralization in these patients. To this end, we analyzed the vocal emotion recognition performances of 19 LPD patients, 19 RPD patients, and 45 matched HC. The patients were carefully selected to create two clinically homogeneous subgroups of patients that could only be differentiated by the lateralization of their motor symptoms, as attested by the calculation of an asymmetry index. Moreover, regarding the emotional assessment, we used nonlexical stimuli and continuous visual measures to avoid categorization biases (Scherer and Ekman, 2008) and enable both congruence and discrimination indices to be calculated. This validated emotional prosody recognition task has proven to be relevant for studying the emotional effects of Parkinson's disease, notably because of its sensitivity (Péron et al., 2011 (Péron et al., , 2014 (Péron et al., , 2010 . We then correlated the emotional prosody recognition performances with resting-state cerebral glucose metabolism, as assessed with F-18 fluorodeoxyglucose ( 18 FDG)-PET.
Predictions
Regarding behavioral results, on the strength of Garrido-Vasquez et al. (2013) and Ventura et al. (2012) , we expected to observe a greater general decrease in the recognition of vocal emotions in the LPD group than in both the RPD and HC groups. We predicted that this effect would be driven by happiness and anger (Garrido-Vasquez et al., 2013) , as well as by sadness (Ventura et al., 2012) .
Regarding the cognitive-metabolic results, on the basis of Péron et al. (2013) model, we expected to find significant correlations between decreased emotional performance in LPD and glucose metabolism modifications in structures known to be involved in the recognition of emotional prosody on the right side, namely the orbitofrontal and auditory cortices (i.e., voice-sensitive areas), amygdala and basal ganglia (notably the striatum).
Materials and methods

Participants
All 38 patients with Parkinson's disease met the clinical criteria of the Parkinson's UK Brain Bank for idiopathic Parkinson's disease (Hughes et al., 1992) and were consecutively recruited at Rennes University Hospital (France). All patients were selected from a larger sample of patients with Parkinson's disease who had been identified as candidates for subthalamic nucleus deep brain stimulation according to the standard criteria (Welter et al., 2002) . In order to control for possible confounding factors (i.e., depression and dementia), trained psychiatrists administered the French version of the Mini-International Neuropsychiatric Interview (MINI 500, van Vliet and de Beurs, 2007) which distinguishes between different neuropsychiatric disorders according to the DSM-IV (see Table 1 ). Depression severity symptoms were assessed with the Montgomery-Åsberg Depression Rating Scale (MADRS, Montgomery and Asberg, 1979) . As clinical dementia was regarded as an exclusion criterion, only participants with Mattis Dementia Rating Scale (MDRS, Mattis, 1988) scores above 130 were included (Llebaria et al., 2008 ) (see Table 1 ).
Division of patients into subgroups. The patients with Parkinson's disease were divided into two subgroups, based on side of symptom onset: primarily left-affected (LPD; n = 19) versus primarily right-affected (RPD; n = 19). We then calculated an asymmetry index based on the lateralized items (Items 20-26) of Part III of the Unified Parkinson's Disease Rating Scale (UPDRS-III; (Fahn and Elton, 1987) ), by subtracting the item scores related to the left side of the body from the item scores related to the right side of the body, in order to use the patients' current asymmetry status to corroborate our distinction. T tests for independent groups revealed a significant difference between the two subgroups on the asymmetry index (see Table 1 ). Apart from this difference, the two patient subgroups were similar in terms of sex ratio (7 women and 12 men in each group), age, education level, age at motor symptom onset, disease duration, cognitive functions, stage of the disease, motor functions (except for side of motor onset), dopa-sensitivity, and dopamine replacement therapy, calculated on the basis of correspondences adapted from Lozano et al. (1995) (see Table 1 ).
A group of 45 HC (20 men and 25 women) who had no neurological or alcohol abuse history and no signs of dementia, as attested by their scores on the Mini-Mental State Examination (MMSE; (Dérouesné, 2001 ), took part in the behavioral part of the study (see Table 1 ).
Groups were matched for sex (p = 0.8) and age (p = 0.6). For education level, we observed a significant difference between HC and each of the Parkinson's disease subgroups (HC vs. RPD: F(1, 80) = 14.89, p < 0.001; HC vs. LPD: F(1, 80) = 14.89, p < 0.001), but no significant difference between the two subgroups (RPD vs. LPD: F(1, 80) = 0.024, p = 0.9). We therefore included this variable in all subsequent (behavioral and PET) analyses where we compared the Parkinson's disease subgroups with HC.
Standard protocol approvals, registration, and patient consent
The study was approved by the ethics committee of Rennes University Hospital. After being provided with a full description of the study, all participants gave their written informed consent. The study met the ethical standards of the responsible committee on human experimentation, and was conducted in accordance with the Declaration of Helsinki.
Procedure
All the patients with Parkinson's disease were receiving their normal dopamine replacement therapy (i.e. were on dopa) when they underwent the neuropsychological, psychiatric and emotional assessments, as well as the PET scan.
Motor assessment
All the patients (LPD and RPD) were scored on the UPDRS-III, the Hoehn and Yahr scale (Hoehn and Yahr, 1967) , and the Schwab and England scale (Schwab et al., 1959) in on-and off-dopa conditions. 
Audiometric screening procedure
None of the patients included in the study wore hearing aids or had a history of tinnitus or a hearing impairment, as assessed by means of a standard audiometric screening procedure (AT-II-B audiometric test).
Neuropsychological and psychiatric assessments
Cognitive efficiency was assessed using the (MDRS, Mattis, 1988) , and executive functioning using a series of tests that included the TrailMaking Test (TMT, Reitan, 1958) , Modified Card Sorting Test (MCST, Nelson, 1976) , Stroop test (Stroop, 1935) , and phonemic and semantic verbal fluency tasks (Cardebat et al., 1990) . The dependent measures were the total score on the MDRS, the time difference between completion of Parts B and A of the TMT, the numbers of correctly completed categories and perseveration errors for the MCST, the interference index for the Stroop test, and the number of words produced (minus repetitions and intrusions) within 2 min for the verbal fluency tasks. Mood and anxiety were measured with the (MADRS, Montgomery and Asberg, 1979) and the State-Trait Anxiety Inventory (STAI-Y, Spielberger et al., 1993 ) (see Table 1 ).
Vocal emotion recognition procedure
We used a validated emotional prosody recognition task that has proven to be relevant for studying the effects of Parkinson's disease on emotion processing (see, Péron et al., 2010 for a full description). A set of 60 vocal stimuli extracted from a validated database (Banse and Scherer, 1996) consisting of meaningless speech (pseudowords) featuring four different categories of emotional prosody (anger, fear, happiness and sadness), together with a neutral condition, were played to all participants. The set of vocal stimuli was obtained by concatenating different syllables found in Indo-European languages so that they would be perceived of as natural utterances, with emotional intonations common to different cultures, but no semantic content. There was no significant difference in duration, mean acoustic energy expended, or standard deviation of the mean energy of the sounds between the different conditions (Péron et al., 2010) . We selected utterances produced by 12 different actors (six women and six men) in a validated database, each expressed with five different prosodies (anger, fear, happiness, sadness and neutral), resulting in 60 stimuli. Actor sex and identity were thoroughly counterbalanced across experimental conditions. Examples of stimuli in each of the prosodic conditions (in the form of .wav files) are provided in the Supplemental material.
All stimuli were played bilaterally through stereo headphones using an Authorware program. Participants were required to listen to each stimulus, after which they were asked to rate its emotional content on a set of visual analog scales displayed simultaneously on the computer screen. More specifically, they were instructed to judge the extent to which each of the different emotions was expressed, by moving a cursor along a visual analog scale ranging from Not at all to Very much. Participants rated each stimulus on six scales: one scale for each emotion featured (i.e. anger, fear, happiness and sadness) and one for neutral, plus a scale to rate the surprise emotion, to see whether the emotions expressed by the human voice can be confused with surprise. An example of the computer interface used for the recognition of emotional prosody task is provided in Appendix A.
2.3.5. PET imaging 2.3.5.1. Acquisition. A detailed description of a very similar procedure has been published elsewhere by our group (Le Jeune et al., 2008) . All participants underwent an FDG-PET scan in a resting state in the ondopa state. PET measurements were performed using a dedicated Discovery ST PET/CT scanner (General Electric Medical Systems, Milwaukee, WI, USA) in 2D mode, with an axial field of view of 15.2 cm and axial resolution of 4.8 mm. A 222-296 MBq injection of F-18 FDG was administered in a quiet, dimly lit room. During the acquisition, the patient's head was immobilized using a head holder. A crosshair laser system ensured stable positioning. A 20-min 2D scan was performed 30 min post-injection, with participants positioned at the center of the field of view. X-ray CT-based attenuation correction was performed prior to the emission scan. Following scatter, deadtime, and random corrections, the PET images were reconstructed by means of 2D filtered backprojection, yielding 47 contiguous transaxial 3.75-mm-thick slices.
2.3.5.2. Transformation. The data were analyzed with Statistical Parametric Mapping (SPM12; using software from the Wellcome Department of Cognitive Neurology, London, UK), implemented in MATLAB 2014b (MathWorks Inc., Natick, MA, USA). Statistical parametric maps are spatially extended statistical processes that are used to characterize specific regional effects in imaging data. They combine the general linear model (to create the statistical map) and the theory of Gaussian fields to make statistical inferences about regional effects (Friston et al., 1995) .
All the participants' images were first spatially normalized to standard stereotactic space according to Talairach and Tournoux (Talairach and Tournoux, 1988 )'s atlas. Affine transformation was performed to determine the 12 optimum parameters to register the brain to the template, and subtle differences between the transformed image and the template were then removed using a nonlinear registration method. Finally, the spatially normalized images were smoothed using an isotropic 12-mm full width at half-maximum isotropic Gaussian kernel to compensate for interindividual anatomical variability and to render the imaging data more normally distributed.
Statistical analysis 2.4.1. Sociodemographic and clinical data
Comparisons between the groups (HC, LPD and RPD) were performed using a single-factor analysis of variance (ANOVA). Whenever the ANOVA yielded a significant difference, pairwise t-tests for two independent groups were carried out to determine which groups differed from one another. Moreover, comparisons of the two Parkinson's disease patient subgroups on clinical variables were conducted, using ttests for two independent groups.
Vocal emotion recognition data
Although each utterance expressed only one emotion, participants could rate it on all six emotion scales. This procedure allowed us to compute two different indices for a more fine-grained, qualitative understanding of emotion recognition: i) a congruence index reflecting the proportion of correct responses (i.e., when the stimulus was most highly rated on the target emotion scale), and ii) a discrimination index reflecting the difference between the rating on the target emotion scale and the averaged ratings on the five other incorrect emotion scales (i.e., target emotion recognition over the nontarget emotions) (Cristinzio et al., 2010) . The advantage of the discrimination index is that it provides information about possible confusions or emotional misattributions.
We conducted a repeated-measures ANOVA for both indices, with group as a between-participants factor and emotion as a within-participants factor. We also conducted separate single-factor ANOVAs for the congruence and discrimination indices for happiness, anger, sadness, and total emotion, according to our operational hypotheses. As specified in American Psychological Association (APA) guidelines, when we have a priori hypotheses, "multiple degree-of-freedom effectsize indicators are often less useful than effect-size indicators that decompose multiple degree-of-freedom tests into meaningful one degreeof-freedom effects-particularly when the latter are the results that inform the discussion" (APA, 2010) (p. 34). Whenever the ANOVAs generated a significant difference, we ran contrasts and pairwise t-tests for two independent groups to determine which groups differed from one another. The significance threshold was set at p = 0.05 (we applied the conservative Bonferroni correction for multiple comparisons).
Behavioral correlation analysis was performed with multiple regression models. To avoid Type-I errors, we included only those secondary and emotional variables that differed significantly between patients and HC, or between the two patient subgroups for clinical variables (Table 1) in the analyses.
2.4.3. PET data 2.4.3.1. ROI definition. The ROI mask included the cerebral bases of emotional prosody recognition identified in the literature Grandjean, 2013a, 2013b; Witteman et al., 2012) . We built our ROI mask using the automated anatomical labeling atlas (Tzourio-Mazoyer et al., 2002) in the WFU PickAtlas toolbox (Maldjian et al., 2003) implemented in SPM12. The following regions were chosen as ROIs, all bilaterally: superior frontal gyrus and its orbital part, middle frontal gyrus and its orbital part, inferior frontal gyrus and its orbital part, caudate nucleus, putamen, pallidum, superior temporal sulcus, superior temporal gyrus, and amygdala.
Multiple regression.
To identify the brain regions whose metabolism was significantly correlated with vocal emotion recognition scores, we tested a general linear model (multiple regression) at each voxel, with the vocal emotion score of interest as the covariate. For each model, we performed two contrasts. We studied the correlations between increased vocal emotion recognition scores (congruence and discrimination indices) and increased voxel values (i.e., positive correlations), and between increased vocal emotion recognition scores and decreased voxel values (i.e., negative correlations). Clusters of a minimum of 50 contiguous voxels with a threshold of p = 0.001 (corrected for multiple comparisons) were deemed to be significant.
Results
Motor, neuropsychological and psychiatric assessments
Results of the comparisons between HC and each of the Parkinson's disease subgroups are provided in Table 1 . Comparisons between the RPD and LPD subgroups were all nonsignificant (p > 0.05), except for the asymmetry index (p < 0.001).
Vocal emotion decoding
For the congruence index, analyses revealed a main effect of emotion, F(4, 320) = 24.36, p < 0.001, but not of group, F(2, 80) = 2.71, p = 0.08, and no interaction effect, F(8, 320) = 1.14, p = 0.34. For the discrimination index, analyses revealed main effects of emotion, F(4, 320) = 27.4, p < 0.001, and group, F(2, 80) = 4.62, p = 0.02, but no interaction effect, F(8, 320) < 1, p = 0.66.
Separate single-factor ANOVAs for the congruence index and the discrimination index on happiness, sadness, anger and total emotion, conducted in accordance with APA guidelines for a priori hypotheses (APA, 2010), revealed a group effect for happiness, for both the congruence index, F(2, 80) = 9.15, p < 0.001, and the discrimination index, F(2, 80) = 7.18, p = 0.002 (Table 2) . They also revealed a group effect for total emotion for the discrimination index, F(2, 80) = 4.62, p = 0.02, but not for the congruence index. There was no significant group effect for sadness or anger, for either the congruence index or the discrimination index (p > 0.05 for all comparisons).
We then performed contrasts solely for happiness (congruence and discrimination indices) and total emotion (discrimination index). As shown in Fig. 1 and Table 2 , for the happiness discrimination index, LPD performed more poorly than either HC (t = -2.55, p = 0.02) or RPD (t = -3.77, p < 0.001), whereas there was no difference between RPD and HC (t = 1.92, p = 0.06). The same pattern emerged for the happiness congruence index: LPD had a significantly lower score than either HC (t = -3.39, p = 0.002) or RPD (t = -4.11, p < 0.001), whereas there was no difference between HC and RPD (t = -1.48, p = 0.15). For the total emotion discrimination index, LPD performed significantly more poorly than either HC (t = -2.88, p = 0.006) or RPD (t = -2.50, p = 0.02), whereas there was no difference between RPD and HC (t = -0.10, p = 0.92).
Relationship between vocal emotion decoding and secondary variables
As shown in Fig. 2 , multiple regressions revealed that the asymmetry index and age explained a significant part of the variance for the 32.37 ± 9.00 32.10 ± 9.60 total emotion discrimination index (r = 0.32, p < 0.05 and r = -0.50, p < 0.05). None of the other variables we entered in the multiple regression explained a significant part of the variance of the total emotion discrimination index. Moreover, none of the variables we entered in the multiple regression significantly explained part of the variance of the happiness prosody recognition scores, either for the congruence index or for the discrimination index (ps > 0.05 for all comparisons).
Relationship between vocal emotion recognition and PET
We computed three models for each Parkinson's disease subgroup, with education level and L-DOPA equivalent dose as covariates: one model for the happiness discrimination index, one for the happiness congruence index, and one for the total emotion discrimination index.
RPD: None of the models revealed significant clusters. LPD: The models for the happiness congruence index and total emotion discrimination index revealed no significant clusters. For the happiness discrimination index, however, we observed positive correlations (i.e., decreased metabolic activity with decreased emotion performance) in the right orbitofrontal cortex (Brodmann area, BA 10) (see Fig. 3 ). No significant negative correlations (i.e., increased metabolic activity with increased emotion performance) were found.
Discussion
The aim of the present study was to use Parkinson's disease as a model to study the hemispheric specialization of the basal ganglia and their associated brain network during vocal emotion decoding. To do so, we compared the emotional prosody recognition performances of 19 LPD patients, 19 RPD patients, and 45 matched HC, using a validated emotional prosody recognition task (Péron et al., 2011 (Péron et al., , 2014 (Péron et al., , 2010 . This paradigm enabled us to collected two main dependent variables: i) a congruence index, and ii) a discrimination index (Cristinzio et al., 2010) . The advantage of the discrimination index is that it provides information about a possible confusion or noisy emotional signal. We then correlated the emotional prosody recognition performances with resting-state cerebral glucose metabolism, as assessed with 18 FDG-PET, in order to explore the brain network potentially associated with the basal ganglia during vocal emotion decoding processing. We predicted a greater involvement of the right basal ganglia in vocal emotion decoding, associated with brain metabolic modifications in a cortical and subcortical network known to be linked to emotional prosody processes (See Introduction for the detailed rationale on which these predictions were based, see also Garrido-Vasquez et al., 2013; Péron et al., 2013; Ventura et al., 2012) . Our original methodology yielded patterns of results that mainly Fig. 1 . Difference between ratings for target emotion and averaged ratings for the five incorrect emotions (discrimination index) in the emotional prosody task for the two Parkinson's disease subgroups (LPD & RPD) and the HC group. The greater the score, the fewer the misattributions. Fig. 2 . The total emotion discrimination index was significantly associated with (a) the asymmetry index, and (b) age. Graph (a) shows that the greater the emotional misattributions, the more left-lateralized the motor symptoms. Graph (b) shows that the greater the emotional misattributions, the older the patients.
confirmed our operational hypotheses. First, LPD performed more poorly on emotional prosody recognition than either RPD or HC. Moreover, as expected, there was no significant difference between RPD and HC (Table 2 and Fig. 1 ). These effects were specifically observed for the total emotion discrimination index and for the happiness congruence and discrimination indices. Second, and most interestingly, the general decrease in the recognition of vocal emotion (total emotion discrimination index) was positively correlated with age and asymmetry of motor symptoms (Fig. 2) , meaning that the greater the emotional misattributions, the older the patients and the more left-lateralized the motor symptoms. Third and last, the decreased performance on happiness recognition (discrimination index) in the LPD subgroup was correlated with decreased glucose metabolism in one of the structures known to be involved in the higher levels of emotional prosody recognition on the right side, namely the orbitofrontal cortex (BA 10) (Fig. 3) . No significant cognitive-metabolic correlations were found in the RPD subgroup.
Control variables
The patient and HC groups were randomly selected and matched for age and sex, to avoid specific biases. Regarding education level, we observed that both Parkinson's disease subgroups had a lower mean education level than HC. Even though we failed to find a significant difference between the two Parkinson's disease subgroups, we included this variable in all subsequent analyses. All the participants were deemed to have normal hearing, as attested by a standard audiometric screening procedure. The patients with Parkinson's disease were divided into two distinct subgroups according to the side (right vs. left) of motor symptom onset. We then calculated an asymmetry index based on the lateralized items of the UPDRS-III, and ran analyses to confirm that the LPD and RPD subgroups differed significantly on this variable (see Table 1 ). These two subgroups were strictly comparable for all other clinical variables: age at onset, disease duration, dopa sensitivity, dopaminergic treatment, and motor abilities. We also controlled for the homogeneity of our patient subgroups in terms of cognitive profile and mood disorders. In the present study, both the LPD and RPD subgroups scored significantly higher on the depression scale (MADRS) and anxiety scale (STAI state) than the HC did. The presence of mood disorders is a classic observation in PD (for a review, see Ferreri et al., 2006) . Nevertheless, we failed to find any significant correlation between these variables and the PD patients' emotional prosody recognition performances. As far as the neuropsychological variables are concerned, both the LPD and RPD subgroups performed significantly more poorly on the MDRS, TMT, MCST, and verbal fluency tasks than the HC did (Table 1) . Deficits in executive functioning are a common and unsurprising syndrome in Parkinson's disease (for a review, see Dirnberger and Jahanshahi, 2013) , owing to the alteration of the associative prefrontal-subcortical loop (Alexander et al., 1990) . Howeverand crucially for the purpose of the present study-, we once again found no correlations between these cognitive variables and patients' emotional prosody recognition performances. Finally, as far as the emotional material and task are concerned, we used a validated emotional prosody recognition task (Péron et al., 2010) , with controlled semantic content, relevant acoustic parameters, and speakers' gender (see Material and Methods section for a full description).
Limitations of the study
The present study had several limitations that need to be acknowledged and addressed before we can draw any inferences from our results. Regarding the use of asymmetric Parkinson's disease as a model for exploring the specific role of the basal ganglia and their hemispheric specialization in vocal emotion decoding, our study had two major drawbacks: i) the asymmetry of degeneration is relative and not absolute in Parkinson's disease (Schwarz et al., 2000) ; and ii) structures other than the basal ganglia are reportedly affected, even in the early stages of the disease (Braak et al., 2003) . In the present study, and as explained in detail above, we carefully controlled for the homogeneity and comparability of our two patient subgroups according to critical variables that reflect the relatively homogeneous advancement of the degenerative process in the brain. However, potential changes to other structures besides the basal ganglia, as well as the only relative laterality of the disease, obviously limit the inferences that can be drawn and warrant further investigation. Finally, the question of how to consider left versus right dominance of motor symptoms is critical, but there is considerable heterogeneity across the literature, with authors considering side of motor onset, asymmetry of current motor signs, or both. Moreover, objective criteria are not always provided in papers. This is potentially problematic when comparing results. Actigraphy should be considered in future research, as a means of acquiring a more nuanced and objective measure of motor asymmetry in PD.
4.3. Functional specialization and integration of the left versus right basal ganglia in emotional prosody As set out above, the present study highlighted patterns of results that warrant discussion.
First, we showed a specific decline in emotional prosody recognition among LPD patients. Moreover, the general decrease in the recognition of vocal emotion was significantly correlated with age and motor symptom asymmetry, in that the greater the emotional misattributions, the older the patients and the more left-lateralized their motor symptoms. Above and beyond the effect of ageing on emotional prosody recognition, which is a common finding (for reviews, see Isaacowitz et al., 2007; Ruffman et al., 2008) , these results suggest that the right basal ganglia play a role in emotional prosody processing. This is in line with two studies in patients with Parkinson's disease (Garrido-Vasquez et al., 2013; Ventura et al., 2012) that demonstrated an emotional prosody processing impairment in LPD but not in RPD, compared with HC. It is also congruent with a neuroimaging study in HC (Kotz et al., 2003) that reported right but not left basal ganglia activation by emotional prosody. Finally, our results are in line with the two recent intracranial event-related potential studies among deep brain stimulated patients with Parkinson's disease that revealed heightened neural activity at the spike (Eitan et al., 2013) and local field potential (Péron et al., 2017 ) levels in the right ventral subthalamic nucleus, in response to emotional versus neutral auditory material, with a greater effect for positive emotions, as was the case in the present study. It is difficult to discuss the specificity of the emotions affected (regarding their positive or negative valence) compared with previous studies because, as explained in detail in the Introduction, the methodologies are not comparable. In the present study, we failed to reproduce Ventura et al. (2012) results for sadness, but replicated Ariatti et al. (2008) results for happiness. Moreover these results are in line with findings for intracranial recordings in the STN, as mentioned above (Eitan et al., 2013; Péron et al., 2017) . The potentially specific effect for positively valenced emotions warrants future studies, probably in the form of meta-analyses taking critical moderators (clinical and methodological variables) into account, as well as the publication bias against inconclusive studies or null results. Regarding the question of right versus left lateralization of emotional processes in PD, as we also explained in detail in the Introduction, discrepant results have again been reported. Even though we discarded most of the behavioral studies among patients with Parkinson's disease on account of methodological problems or the heterogeneity of the patients' clinical profiles, those previous studies that did control for these critical factors reported apparently contradictory results. In particular, an fMRI study in healthy participants reported that the left subthalamic nucleus was specifically involved in the processing of emotional (angry) prosody when attention was directed to the speaker's gender (i.e., implicit task) (Peron et al., 2016) . This result is of particular interest when combined with the findings of Garrido-Vasquez et al. (2013) , who postulated the specific involvement of the right basal ganglia in the processing of emotional (angry) voices when attention is paid to their emotional content (i.e., explicit task). Accordingly, instead of rejecting a potential role of the left basal ganglia in emotional prosody processing, we can speculate that the right basal ganglia are involved in emotional prosody when the attentional focus is directed toward the emotion, whereas the left basal ganglia are involved in emotional prosody when the attentional focus is directed elsewhere.
Second, we observed a correlation between a decreased emotional (happiness) discrimination index in the LPD group and decreased glucose metabolism in the right orbitofrontal cortex (BA 10). In emotional prosody processing models, the orbitofrontal cortex is thought to mediate higher-order vocal emotional recognition processes (Ethofer et al., 2006; Wildgruber et al., 2004) . No significant cognitive-metabolic correlations were found in the RPD group. Interestingly, in our study, the discrimination index, which can be understood as a noise measure, was the only one to correlate with glucose altered glucose metabolism. Our results therefore emphasize the relevance of this discrimination index, and suggest that LPD were more confused than RPD and overrated nontarget emotions. We can thus surmise that Parkinson's disease leads to an increase in misattributions rather than a wholesale emotional dysfunction, indicating that this pathology either introduces noise into the system, or else prevents it from correctly inhibiting nonrelevant information, causing emotional judgements to be disturbed, as predicted by Péron et al. (2013) 's model. Extending Graybiel's model (Graybiel, 2008) , this model proposes that, under normal conditions, the basal ganglia process the temporal and structural organization of emotional episodes, in order to construct performance units of sequence representations, or chunks. This information chunking could provide a mechanism for the acquisition and expression of emotional repertoires. It should be noted that this computational role is assumed to be the same for motor, cognitive and emotional processes.
In the specific example of emotional prosody processing, the basal ganglia are thought to process the temporal structure of speech (Kotz and Schwartze, 2010) , with the striatum playing a role in sequencing incoming sensory information in the form of spectrotemporal stimuli in emotional prosody, providing higher-order representations (Pell and Leonard, 2003) . In this context, the striatal dopamine depletion in Parkinson's disease may result in noisy output within the striatofrontal circuits, leading to a late evaluative process deficit supported by the right prefrontal cortex, which is congruent with our results (Pell and Leonard, 2003) .
Conclusion
Our results indicate that patients with Parkinson's disease who have left-but not right-sided motor symptoms display vocal emotion deficits, and this impairment is correlated with the asymmetry of these motor symptoms, as well as with decreased glucose metabolism in the right cerebral network subtending higher-order processes of vocal emotion recognition. It may be judicious to consider RPD and LPD as two distinct groups in future studies, instead of running comparisons between HC and unselected patients with Parkinson's disease. Asymmetry of motor symptoms is an important factor that may influence the presence or absence of emotion recognition deficits in Parkinson's disease and should be considered in clinical practice.
